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ABSTRACT 
The design and construction of a fermentation system to study the conver-
sion of glycerol to dihydroxyacetone by Gluconobacter melanogenus IFO 3293 
is described. Variations of batch fermentation mode, known as repeated batch 
and fed batch, were employed, as was oxygen-enriched aeration. 
Feed concentrations for the experiments ranged from 3% to 30% glycerol, 
and maximum% conversions ranged from 0.057% to 0.3%, based on grams dihy-
droxyacetone produced per gram of glycerol fed. 
xi 
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INTRODUCTION 
1.1 Dihydroxyacetone 
1.1.1 Properties 
According to the Merck Chemical Index (1), dihydroxyacetone (DHA) is a 
white crystalline powder with a melting point of 75° -80° C. It is normally 
found as a dimer, but reverts to the monomer in solution (1). This monomer 
is soluble in water, acetone, ether or alcohol (1), and has the following 
structural formula (1): 
0 
II 
C 
f+ / "'- H· 
' c/ 
01-\- --f / '0 \-i 
H H 
The dimer has the following configuration (2): 
1.1.2 Uses 
C 11---C\-\ n 2. 
• 
H-o- C- --C\-\2. 
I ~ 0\ / 
C\-tL-- c-o\-\ 
• 
C \-\-- O ~ 2. 
The best-known use ~or DHA is as an ingredient in artificial suntan 
products (1). It produces the brown color characteristic of a suntan by 
reacting with proteins in the skin (2). A patent was issued to Andreadis (3) 
in 1960 for the invention of a mixture of DHA and an oleaginous base which, 
when spread on the skin, produced such a tan. 
1 
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According to the Wallerstein Co~pany (4) (division of Travenol Labora-
tories) in 1960, DHA could potentially be used in the synthesis of emulsi-
fiers, pharmaceuticals, dyes, alkyd-type resins and other chemicals. To date, 
little further information as to these or other uses was found, although 
Dr. Feldman (5) of G. B~ Fermentation Industries, the company that presently 
owns the rights to Wallerstein's original process (6) has stated that DHA 
may be used as an intermediate in any one of several processes in addition 
to its major use in suntan lotions (5). The exact processes were not speci-
fied. 
Myddleton (2) mentioned the use of a derivative of DHA (7), namely, the 
pyridine carboxylic acid hydrazide, against Mycobacterium tuberculosis. The 
use of DHA in the treatment of diabetes and respiratory disorders was also 
mentioned (2); people can ingest it with no ill effects (2). 
1.1.3 Current production 
Estimates of the current annual production rate of DHA were not available 
fro~ G. B. Fermentation Industries (5),but Green (8) estimated a market for 
DHA of about $500,000/year. 
1.1.4 Price 
The Ap~il 24, 1_978 issue of Chemical Marketing Reporter lists the current 
market price for DHA as $9.37/kg (9). This was the same price published in 
the following issues of this journal: November 14, 1977 (10), December 26, 
1977 (11) and February 20, 1978 (12). This is lower than the price of DHA in 
1960, which, according to Chemical and Engineering News (13), was between 
$13.50 and $19.50 per kilogram. 
2 
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1,2 Current method of manufacture 
G. B.'s method of production of DHA by the Wallerstein process consists 
of the fermentation of glycerol by Acetobacter suboxydans (6). This method 
was developed by S~muel R. Green and others and is described in Green's patent 
(14), published in 1960. It will be described in detail in Section 2.2. 
DHA can also be made by oxidizing glycerol directly with dilute nitric 
acid (2) whereby a small amount of glyceraldehyde is also formed. We could 
not obtain any information regarding the commercial use of this process. 
1.3 Plan and rationale for the research 
Since a survey of the literature regarding the market prices of low-
molecular-weight organics showed that DHA was sold for a higher price than 
most of the others, it was decided to further investigate the fermentative 
process by which it is made. To date, there were found to be no published 
results of DHA production by fed-batch or repeated-batch fermentation, but 
high production rates were reported by Flickinger and Perlman (15) in a study 
using oxygen-enriched aeration in a 25-liter single-batch fermentation with 
Gluconobacter melanogenus IFO 3293. This study exhibited a productivity of 
2.5 g DHA/liter/hr, and a yield of 100 g DHA/100 g glycerol (15). 
By combining the principles of Flickinger and Perlman's (15) method with 
a two-stage repeated-batch process, and by using a fed-bat-eh technique to add 
1nore feed when it was nee,ded most, we hope to reduce the total frementation 
time necessary to produce a given amount of DHA, and to produce a higher yield 
within a prescribed time. These techniques would be explored in a set of 
five fermentation runs, all of which would use oxygen enrichment in the aera-
tion system by pumping pure oxygen through the fermentor at a pre-determined 
3 
set of conditions. In this way, we hope to show the effectiveness of 
repeated-batch and fed-batch fermentation with this particular process. 
Originally, we had planned to use Acetobacter suboxydans ATCC 621, and 
further investigate Green's method (16). However, the higher reported 
yields by Flickinger and Perlman (15) caused us to modify our plans to use 
Glu<:Q_nobacter melanogenus IFO 3293 with an oxygen enriched aeration system 
to investigate the behavior of the organism and its rate of DHA production in 
these varied fermentation schemes. 
r 
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BACKGROUND AND THEORY 
2.1 DHA production by microorganisms 
2.1.1 Metabolic pathway 
Several species of the so-called "acetic acid bacteria", belonging to 
the genera Acetobacter and Gluconobacter (16), ~roduce dihydroxyacetone by 
the oxidation of glycerol. This is actually one of two products of glycerol 
oxidation, the other being glycerol-a-phosphate (16): 
\-\ I~ 
I I 
H-C-Ott H-c-o\4 
I pH= 6.0 I H-c-ott c.===o (2-1) 
I 02 I \-\-c.- orJ CO A \-\-(" -0 H-I r., 
H \-t 
glycerol DHA 
1-\ \-t 
I I 
H:-C-OH H-c-Po~. 
I 
' 
\-\-C-o 14- pH ::a 8. 5 .. H-C-oH (2-2) 
I ATP 
' 
Mg/I 
H-C-01-\ H-C-o\-\ 
I 
' H \-\ 
glycerol glycerol-a-phosphate 
Since an oxidation is taking place in equation (2-1), oxygen must be supplied 
to the organism for the re.action to occur, and the concern for an adequate 
supply of oxygen led to the development of the oxygen-enrichment aeration 
technique to be described in Section 2.3.1. 
From here, either product may be converted enzymatically to DHA phosphate 
(15), using either NAD and a dehydrogenase (16) or ATP and a kinase. DHA 
5 
I ,/ 
11r 
'I 
i ' 
phosphate is then converted to glyceraldehyde phosphate or fructose diphos-
phate, and the pentose cycle is activated for cell growth or energy produc-
tion. Ho~ever, a large extracellular accumulation of DHA is realized during 
exponential growth of the Gluconobacter species (15). Flickinger (17) 
mentioned that a large accumulation of DHA on culture agar slants inhibits 
the growth of the organism, but that this effect was not detected in liquid 
culture fennentations. 
In the following sections, several applications of the glycerol-DHA 
fermentation process will be described. An emphasis will be placed on studies 
done with the Acetobacter and Gluconobacter species, but other organisms that 
were reported to produce DHA will be mentioned as well. 
2.1.2 Studies with specific organisms 
2.1.2.1 Introductory overview 
Both Underkofler (18) and Green (8) mention that the earliest study on 
Acetobacter species which led to the discovery of DHA production by fermention 
was done by Bertrand (19) in France in the nineteenth century. Since then, 
other organisms that convert glycerol to DHA were described by Bernhauer (20), 
Miller (21), Noda (22) and Paleeva (23) as Bacterium xylinum, Penicillium 
brevi-compactum, Brevibacterium fuSCQ~ and Acetobacter aceti, respectively. 
A large number of investigations have been done starting in the 19301 s 
with Underkofler (18), W'l~. used Acetobacter suboxydans. Several of these will 
be described in Section 2.1.2.2. Recently, the production of DHA by Glucono-
bacter melanogenus was studied extensively by Flickinger and Perlman (15); 
a summary of their results is found in Section 2.1.2.3. 
6 
I . 
2.1.2.2 Studies using Acetobacter suboxydans 
2.1.2.2.1 Preliminary investigations 
Studies using Acetobacter suboxydans led to the develop~ent of Green's 
process (14) for DHA manufacture. In all cases reported, glycerol was the 
sole carbon source for production of DHA. 
In 1937, Underkofler (18) reported the "optimum" conditions for DHA 
production by A. suboxydans (ATCC 621) to be: 
(1) An inoculum mediQ~ consisting of 0.5 g Difeo yeast extract and 
6.0 g glycerol per 100 mt total volQ~e. 
(2) A main fermentation medium containing 6.0 g glycerol, 0.05-1.0 g 
yeast extract, and 0.0-2.0 g KH2 P04 per 100 mt total volume. 
(3) Operating pH= 5.5-7.0 and temperature= 28-30°C. 
(4) InoculQ~ culture incubated for 24-72 hours. 
(5) Main fermentation conducted for 7 days. 
All cultures were grown in 300-mt agitated Erlenmeyer flasks; the aera-
tion rate was not specified, nor was the mode of aeration. Neuberg and 
Hofmann's recovery method (24) was used to isolate crystalline DHA. 
A patent published in Germany in 1962 (25) described a fermentation 
process by Farbwerke Hoechst, which used the following media and conditions: 
Inoculum volQ~e = 1000 mt in 2-500 mt aliquots 
Composition: 200 g glycerol/liter 
15 g cornsteep liquor/liter 
1 g urea/liter 
Incubation tµne a 72 hours 
Temperature·· 28°c 
Aeration a as provided by agitation on rotary shaker 
Agitation rate not specified 
Main fermentation volume• 10 liters 
Composition: 220 g glycerol/liter 
30 g cornsteep liquor/liter 
1 g urea/liter I 
0.5 g antifoam emulsion/liter 
7 
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Fermentation time• 96 hours 
Temperature• 30°c 
Initial pH• 5.2 
Final pH• 3.7-3.8 (pH control not used) 
Aeration rate• 2.5 liters air/min 
Agitation rate not specified 
Even with such a high initial glycerol concentration, the co~pany 
reported a DHA yield of 95% "on the basis of glycerol" (25). The description 
of the patent did not state what was meant by yield, but it probably was 
calculated as this: 
Yield of DHA i::::i (g DHA produced/g glycerol fed) x 100% 
Another approach was taken by Marini (26) in 1965, as described here: 
"In the microbial transformation of glycerol to dihydroxyacetone 
with Acetobacter suboxydans ATCC 621, some factors are studied both in 
300-mt flasks containing 3 liters broth. The broth composition in 
flasks was KH2 P04 5, brewer's yeast 5, Caco3 20 and doubly distilled glycerol 110 g pert. with the pH adjusted to 5.6 before sterilization. 
The composition of broth in the fermentors was: KH2 PO~ 5, brewer's yeast 2, Caco3 2, cornsteep liquor 5 and doubly distilled glycerol 110 g per liter, with the pH adjusted to 5.6 (pH i::::i 6.0 after sterilization). 
The aeration rate was 1 liter/min and agitation 500 rpm at 30°. Strain 
ATCC 621 is better than the strains Fl and ATCC 9322. HoNever, it is 
strongly affected by temperature: no growth occurs at 28 or 33°. With 
higher concentrations of glycerol the yield is lower, even if some 
improvement results by adding Ca pantothenate. A decrease in pH from 
6.0 to 4.1 reduces the yield. It may be prevented by buffering to 
5.3-4.5 with Caco3• A higher pH (5.6) should also be avoided." 
Gomercic's study (27) demonstrated a yield of DHA of 95 g DHA/100 g 
glycerol, in 500-mt aliquots in Erlenmeyer flasks incubated on a rotary 
shaker for 120 hours at 28°c. The medium contained (29): 
' 100 g glycerol/liter 
5.0 g cornsteep liquor/liter 
1.0 g (NH4)2 HP04/liter 
2.0 g KHz P04/liter 
0.25 g Mg so4/liter 
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In 1973, Chibata (28) reported a shaken-flask study in which A. suboxy-
Jans was grown in the following medium: 
Composition: 200 g glycerol/liter 
20 g cornsteep liquor/liter 
10 g Ca¥o3/liter 3 g NH4 fumarate T t 3ooc empera ure G 
Fermentation time= 50 hours 
Volume not specified 
The yield of DHA was 95% (28) based on glycerol. However, the fermen-
tation time was much shorter than in the study by Go~ercic (27). The reasons 
for this are not clear, especially since Chibata's patent (28) was not 
available, and Gomercic's article (27) was not translated from the Croatian. 
Further conclusions might be obtainable if more information about these 
processes becomes available. 
2.1.2.2.2 An ionic approach 
Using a medium containing, per liter, 60 g glycerol and 2.5 g cornsteep 
liquor, Skorokhodova (29) added one or several of the following salts to 
study the effect of certain cations and anions on the ability of Acetobacter 
suboxydans to convert glycerol to DHA: KH2 Po4, KCt, K2 so4, (NH4)2 HP04, 
NH
4
ct, (NH4)2 so4, NaH2 P04, NaCl and Na2 so4• The effect of an individual 
cation or anion was determined by conducting a set of 100-mt fermentations 
using potassium-containing salts, then one with ammonium salts, and then one 
with sodium salts. The concentrations of salts varied from 0.01-0.05 g-ions/ 
liter. By comparing the yields of DHA in each set with those in other sets, 
+ + + the authors concluded (29) that it was the addition of K, NH4 and Na 
cations which raised the DHA yield to 100%. The 100% DHA yield was attained 
by the addition of 0.03 g-ions (NH4)2 HP04 to the medium, although the 
9 
addition of 0.02, 0.03 or 0.04 g-ions KH2 P04/liter, or 0.05 K2 so4/liter 
also gave DHA yields near 100%. 
No further references to this investigation or to other studies on the 
effect of mineral ·Salts on the fermentation have been found, but the infor-
mation gained here may help to further characterize the behavior of the 
organism. 
2.1.2.2.3 Glycerol conditioning 
Green (14), Faberwerke Hoechst (25) and Sattler (30) developed tech-
niques for using higher initial glycerol concentrations with Acetobacter 
suboxydans and obtained improved yields. 
Sattler (30) obtained a higher yield by increasing the initial glycerol 
concentration gradually, from 30 to 60, 120 and finally to 200 g/liter (30). 
This "glycerol conditioning" was started with the agar slants on which the 
culture was maintained. In terms of DHA production, the most successful 
system of operation is illustrated in Figure 2-1. 
All of these fermentations were performed at 30°c and at a pH of between 
5.0 and 6.0. Control of pH was done by the addition of 5 g Caco3/liter. The 
set of conditions that Sattler (30) found most successful were determined 
after a large number of experiments in which pH, temperature, initial glycerol 
concentration and other procedural details were varied. 
Because the conversions of glycerol to DHA reported by Sattler (30) are 
not nearly as high as those reported by Green (14), the technique of ''glycerol 
conditioning" has not been pursued to any great extent. We found experi-
mentally that A. suboxydans ATCC 621 grew on agar slants containing 200 g 
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Figure 2-1• Sattler's best "glycerol conditioning" scheme 
slants, 
0,5% yeast extract 
O,J% KH2P04 
2% Bacto agar 
12% or 20% glycerol 
3 times 1 inoculate with Acetobacter sub-oxydans and incubate 24 hours 
inoculate shake flasks, 
0,5% yeast extract 
0, 3% KH2P04 
20% glycerol 
Ferment flasks for 4 days 
inoculate shake flaskss 
0,5% yeast extract 
0,J% KH2P04 
12% glycerol 
Fennent 24 hours 
Add J% glycerol 
1-J timesa 
!Ferment 24 hours! 
Yield 11: 14 g DHA 
20 g glycerol 
Yield= 15,6 g DHA 
20 g glycerol 
note 1 11 J~~ glycerol "refers to the weight of glycerol equal to 3% ot the weight of the culture 
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glycerol/liter after being conditioned to slants containing 120 g glycerol/ 
liter over a period of several weeks. 
2.1.2.2.4 Recycled cells 
The re-use of A. suboxydans cells that had been grown in a single batch 
fermentation was shown by Pomortseva (31) as still another way to increase 
DHA production from glycerol. 
These fermentations were performed with 750-mt flasks, each containing 
100 mt of a medium containing 60, 120 or 200 g glycerol/liter and incubated 
on a rotary shaker at 28°C for 24 hours (31). At that time, the cells were 
separated from the liquor by centrifugation, washed with tap water and 
transferred to a solution of 60 g glycerol/liter of tap water, in which they 
remained for 24 hours. Although it is not stated, it seems reasonable .to 
assume that the second stage of the fermentation was performed in the 750-mt 
Erlenmeyer flasks, incubated on a rotary shaker at 28°C for 24 hours. 
Pomortseva's results (31) indicate that the cells continued to produce 
DHA, even though they were not now growing. This technique was repeated up 
to 10 times with the same batch of cells (31) and, although the cells lost 
some of their oxidative ability at the 9th or 10th transfer (33) (this loss 
was not quantified), their "recyclability" in this study caused a higher 
yield (not defined in article) to be realized than would otherwise be possi-
ble. No comments were made as to the oxygen requirements of the organism or 
the process. 
Productivity was expressed as g DHA/g cells/hr (31), and was determined 
for 6%, 12% and 20% initial glycerol media as 
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49 g DHA • 1.01 g DHA 
Pr6% • 2.2 g cells/22 hr g cells/hr (2-3) 
Pr • 96 g DHA • 0.87 g DHA 
12% 2.5 g cells/44 hr g cells/hr (2-4) 
Pr • 154 g DHA • 0.46 g DHA 
20% 2.8 g cells/120 hr g cells/hr (2-5) 
The actual concentration of DHA produced in the first stage of a 6% 
initial glycerol experiment is given by Po~ortseva (31) to be about 5.4% DHA, 
for a yield of 54 g DHA/60 g glycerol based on initial glycerol. Yields for 
12% and 20% initial glycerol experiments were 96.6 g DHA/120 g glycerol and 
154 g DHA/200 g glycerol, respectively. 
With the recycled cells, 100% yield was realized, and, since the cells 
were not using glycerol for growth, all of the glycerol present was avail-
able for conversion to DHA. This process is not unlike those used in peni-
cillin fermentations (31), in which the penicillium mycelia are removed, 
washed and resuspended in fresh medium to continue the penicillin process. 
2.1.2.3 Gluconobacter melanogenus study 
Flickinger and Perlman (15) constructed a fermentation system to 
produce DHA from glycerol by growing Gluconobacter melanogenus IFO 3293 in a 
glycerol-yeast extract medium. They found that this organism gives high 
yields of DHA at very rapid rates when grown on glycerol, and this prompted 
us to investigate various aspects of the behavior of this particular system. 
I 
He used the same media and many of the same specific conditions that they 
used, and these are described in detail in Chapter 3. Fundamentally, their 
studies were conducted in a SO-liter jacketed fennentor (15) with a diameter 
of 31.5 cm, in which the working volume of medium was 25 liters. Dissolved 
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oxygen and pH were controlled at 0.05 atmospheres and 7.0, respectively. 
The method of dissolved oxygen control is described in. Section 2.3.1.2.3. 
Flickinger and Perlman (15) report results for experiments in which the 
initial glycerol concentrations were 15, 30, 50 and 100 grams/liter, both 
with and without oxygen enrichment. 
Yields of DHA are described in terms of molar conversions, although it 
isn't clear that these can be considered to be equivalent to the mass-based 
yields cited earlier. However, graphs showing DHA production with time for 
several initial glycerol concentrations and aeration conditions are presented. 
From these, it is seen that, when oxygen-enriched aeration is used, the yield 
of DHA for a medium containing SO g glycerol/liter (initial), is 54.6 g DHA/ 
SO g glycerol. By comparison, the yield in a fennentation with the same 
initial glycerol concentration, but without oxygen enrichment, was 30.0 
g DHA/50 g glycerol (15). 
2.2 Details of current fermentation process 
The fermentative process used to produce DHA in the U.S. is described 
in a 1960 patent by S. R. Green (14). By growing Acetobacter suboxydans in 
a medium containing 6-15% glycerol, with 0.1-5% cornsteep liquor added (14), 
at pH of 5.0-5.9, high yields (90-97% (14)) of DHA were obtained in a much 
shorter period of time than had been shown in earlier studies. The fermen-
taiion time was reduced from 14 days (14) to 25 hours (14) by this process. 
Documented test runs that led to these findings were performed in 10 
liters of medium containing 0.5% KH2 P04, 0.5% brewer's yeast, 2.0% Caco3, 
0.5% cornsteep liquor and 6%, 11% or 13.5% glycerol (14). Green stipulates 
that the cited examples were representative of the techniques used, but did 
not cover all of the conditions tested. The patent does not specify the 
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aeration or agitation rates, or the agent used for pH control; the determina-
tion of these is left to "those skilled in the art" (14). 
Green mentions that another advantage of this process is the fact that 
the conversion of ·glycerol to DHA is nearly complete (14). A very low 
glycerol concentration in the product stream facilitates product recovery by 
crystallization (14). 
The increased conversion of glycerol to DHA at higher glycerol concen-
trations appears to be associated with pH. The fact that the conversion of 
a 2% glycerol concentration to DHA was almost complete at pH= 6.5, and the 
conversion of 6% or 11% glycerol was low at this pH, but high at pH 5.0-5.9 
(14), leads to the conclusion that a lower pH favors DHA production. This 
is confirmed by metabolic studies for the catabolism of glycerol (16), 
When we contacted a representative of Travenol Laboratories (6) in an 
attempt to find out more about the technical details of the process, we found 
that all of the information not covered by the patent was proprietary (6). 
However, some of the operating conditions arrl the formulas for the mediu.11 
were covered, and have been described here, Green's process succeeds in 
producing more DHA in less time than do previous methods, and relies on the 
presence of certain ingredients in cornsteep liquor to aid the process, but 
pH control is also necessary (14), and Green stipulates (14) that pH should 
be controlled to be within the range of 5.0-5.9. 
:: .3 Specific techniques used in the present fermentations 
Three specialized fermentation techniques used in this study of DHA 
production were oxygen-enriched aeration, repeated batch culture, and fed-
batch culture. This section contains some of the theory behind the 
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application of these techniques, as well as several descriptions of specific 
ntudies using them. 
2.3.1 Oxygen enr~chment 
The Gluconobacter species used in this research requires a considerable 
amount of oxygen to grow and to produce DHA. However, the oxygen must be 
dissolved before it can be utilized, since the oxygen-requiring enzymes are 
located in the aqueous protoplasm (32). For this reason, the mechanis~ by 
which oxygen is dissolved and transported to the cells is of interest to us, 
since one or more of'the characteristics of this process may limit the amount 
of oxygen available to the organism, which, in turn, will limit the produc-
tion of DUA. 
Concern over oxygen supply is based on oxygen demand, which is influenced 
by many factors. The concentration of sugars, nitrogen sources or other 
nutrients, accumulations of toxic end products, and even the nature of the 
oxygen supply (32) may affect either the cell concentration or the specific 
respiration rate, which together define the rate of demand as (32): 
rate of demand= C 
C 
where C = cell concentration, mg/mt or g/liter 
C 
Q = specific _respiration rate, m moles/hr/mg dry cell wt. 
02 
2.3.1.1 Theory of oxygen transfer in fermentation 
(2-6) 
The solubility of oxygen in a microbial culture solution may be cal-
culated from Henry's law (32): 
1 
C* • 1 Po 
H 2' 
(2-7) 
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where C* a concentration of oxygen in the liquid phase at equilibrium, 
millimole o2/liter 
liter-atm H' a Henry's law constant,~~~~~-
millimole o2 
Po a partial pressure of o2 in gas phasee, atm. 2 
Clearly, the greater the o2 partial pressure of the gas phase the greater 
will be the tendency of oxygen to dissolve and to be available to the cells. 
Supplying an excess of oxygen to the system assures that oxygen will not be 
a growth-limiting factor. To our knowledge, such an excess would not be 
harmful to the organism (33). Several means of increasing the oxygen supply 
and the dissolved oxygen level will be described in Section 2.3.1.2. 
The "rate of oxygen demand" described previously can be expressed 
in terms of oxygen partial pressures in the inlet and outlet gas streams 
because at steady state, the oxygen uptake rate (OUR) (34) is equal to the 
oxygen demand: 
where F = moles gas/time 
Va volume of liquid in fermentor 
pin= partial pressure of oxygen in gas inlet stream 
pout= partial pressure of oxygen in gas outlet stream 
P = total preisure 
Thus, O.U,R., or the oxygen.demand, may be obtained experimentally by 
(2-8) 
simply measuring the oxygen partial pressures of the gas streams entering and 
leaving the fermentor. 
The rate of oxygen transfer to the culture at steady state is also 
given by: 
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rate of transfer• O.T.R. • k1a(C*-C1) • O.U.R. 
where k
1 
• overall oxygen transfer coefficient, millimoles/hr-liter-unit 
concentration 
a • interfa·cial area, n? or c~ 
c
1 
= concentration of oxygen in the liquid 
(2-9) 
The coefficient k1 is affected by agitation rate, gas flow rate and other 
factors. C* can be enhanced by increasing the partial pressure of oxygen 
in or the total pressure of the gas stream. 
For a set dissolved oxygen concentration, the oxygen transfer rate will 
be increased (and hence a greater oxygen demand will be met) by increased 
oxygen partial pressure in the gas phase since, by Henry's Law, 
c~ ct P0 2 2 
(2-10) 
It should be clear that the P0 may be increased by increasing the total 2 
pressure inside the fermentor or by enriching the inlet gas with pure oxygen. 
The overall effects will not necessarily be the same since, for one thing, 
the former also causes an increase in Pea while the latter does not. Only 
2 
oxygen enrichment will be considered here. 
2.3.1.2 Methods of increasing dissolved oxygen level in a fermentor 
2.3.1.2.1 A survey of means 
' Several means can be used to increase the supply of oxygen to a fermen-
ting culture. These include: 
(1) Increasing agitation rate and/or intensity (8,35,36) 
(2) Increasing total aeration rate (37,36) 
(3) Increased baffling (38) (4) The feeding of substrate to control dissolved oxygen level (39) 
(5) The use of oxygen-enriched aeration (15). 
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In this work, we studied only the method of oxygen-enriched aeration, 
' by enriching the inlet gas with pure oxygen. This is the only method that 
will be discussed here; descriptions of other methods may be found in 
references 15, 37, 36, 38, 40. 
2.3.1.2.2 Oxygen-enriched aeration 
The means by which dissolved oxygen level was controlled in Flickinger 
and Perlman's (15) system is illustrated in Figure 2-2. A stream of pure 
oxygen at 10 psig was fed with air at 30 psig for a total aeration rate of 
1.5 volume gas/volume medium/min (15). The dissolved oxygen level was main-
tained at 0.05 atmospheres. Oxygen was fed manually during a specific stage 
of the fermentation, as illustrated in Figures 2-3 and 2-4. 
These periods of oxygen enrichment lasted 7-8 hours of a 36-40 hour 
run (15). The oxygen was added manually (15) when the dissolved oxygen was 
0.05 atmospheres or less. 
It can be seen from Figures 2-3 and 2-4 that the yield of DHA obtained 
using this system was extremely high. This yield might justify the added 
expense of the equipment and oxygen necessary to use such an aeration 
technique. 
Using the basic principles of Flickinger and Perlman's approach (15) 
to oxygen enrichment, we constructed an automated system similar to theirs. 
1his method differs from that of Flickinger and Perlman (15) in that it was 
designed to aerate with pure oxygen or with air, but not with both simul-
taneously. As soon as the dissolved oxygen level had decreased to 24%, a 
signal from the controller-recorder caused the air solenoid to close and the 
oxygen solenoid to op~n. Oxygen flowed contin~ously into the fermentor until 
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Figure 2.;.21 Instrumentation for oxygen addition to gas stream 
in the system used by Flickinger and Perlman(15)~ 
A= glass fiber filter, B = check valve,2-8lb/in 
to open, C = constant flow regulator, D = rotameter. 
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Figure 2-ja Behavior of oxygen uptake rate during oxygen-en-
richment studies by Flickinger and Perlman(15). 
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the dissolved oxygen level increased to >24% (after the oxygen was turned on, 
the dissolved oxygen level continued to decrease to approximately 18% before 
increasing again), at which time another signal from the controller-recorder 
closed the oxygen _solenoid and opened the air solenoid. The light bulb was 
installed to provide the resistance necessary for the solenoids to operate 
properly, and it also served as a visual signal that pure oxygen was being 
fed to the fermentor. 
In Figure 2-5, a section of the strip chart recording of dissolved 
oxygen level is presented to illustrate the variations in dissolved oxygen 
level during the oxygen-enrichment phase of one of our fermentations. As 
pure oxygen is fed, the dissolved oxygen level increases rapidly, but 
decreases almost as rapidly as the organism uses up dissolved oxygen for 
growth and DHA production. 
2.3.2 Variations of batch fermentation used in the present study 
2.3.2.1 Repeated-batch operation 
2.3.2.1.1 General method 
A repeated-batch fermentation is conducted by first growing the organism 
in a batch culture, then removing a portion of the culture and replacing it 
with an e.qual volume of fresh feed to continue the fermentation. A related 
technique involves the aseptic trans.fer of a small volum~ of batch culture 
(serving as an inoculum) to .another fermenter containing fresh feed, but 
this in not usually considered a repeated batch. The step-by-step operation 
that we used is illustrated in Figure 2-6. 
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Figure 2 • 5 Approximate dissolved oxygen level variations 
during the oxygen-enriched phase of one of the 
present fermentations, 
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Figure 2-61 Repeated batch operation 
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Step J1 
Step 41 
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2.3.2.1.2 Advantages 
The type of repeated-batch operation in which culture medium is drawn 
off and replaced with an equal volume of fresh feed in the same fermentor 
saves work and time for the operator by eliminating the necessity to start 
the entire process over again for the second batch. Fresh feed must be 
prepared and autoclaved for aseptic transfer to the fermentor, and some 
operating aspects might be shut down and restarted after transfer, but the 
number of tasks and the time necessary to complete them is greatly reduced. 
Productivity of the fennentation, in terms of the amount of product, 
volume and time only, is defined as: 
Pd :::i g DHA produced 
liter-time (2-11) 
Comparing the time required to conduct two successive batch fermentations 
of glycerol to DHA by Gluconobacter melanogenus (approximately 60 hours) to 
that for a repeated-batch (approximately 51 hours), we would realize a 
higher productivity from a repeated-batch operation, as long as equal amounts 
of DHA were produced by either the double batch or repeated-batch methods. 
Microbial growth interventation involves three phases: 
(1) lag 
(2) exponential 
(3) resting 
These are identified on growth curves such as the one illustrated in Figure 
2-7. Any batch culture will exhibit a lag phase before its most productive 
(ln terms of cell growth and product formation) exponential phase, but 
repeated batch fermentations often exhibit a shorter lag during the second 
stage of operation than during the first stage, and therefore a shorter lag 
than those· for single-batch operations. Since the inoculum for the second 
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Figure 2-7• A typical microbial growth curve 
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resting phase 
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exponential phase 
lag 
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X = concentration of cell1,g/liter 
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t = time, hours 
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stage of a repeated-batch process is a portion of the culture from the first 
stage, with a higher cell concentration than that found in an inoculum for 
a single-batch process, the second stage in a repeated batch process has 
a ''head start'' in terms of initial cell mass concentration and cellular 
activity and therefore may enter the exponential growth phase sooner. 
Repeated-batch operation, then, shows several significant advantages 
over conventional batch in terms of productivity and diminished down-time. 
For these reasons, it was further investigated in the Gluconobacter melano-
genus glycerol-to-DHA fermentation. 
2.3.2.1.3 Applications of repeated batch operation 
This technique was used by Neshtaeva (41) in 1960 to produce penicillin 
using PenicilliQ~ chrysogenQ~. Penicillin fermentations can be started eitha:-
by using grown PenicilliQ~ mycelia or spores from these mycelia. These 
investigators tried both methods and found better results with mycelial 
inoculation. 
Mycelia which were grown for 48-50 hours were used to inoculate a 
suitable medium, which was fermented for 24-30 hours (41). The new mycelia 
were removed, washed and used to inoculate another batch of feed, This 
process continued for up to 15 transfers (41). 
Statistically, mycelial inoculation reduced the fermentation time from 
I 
6,1 to 5.2 days (41), and increased penicillin production by as much as 
19% (41). When spores were used to inoculate fermentors, flocculation 
ccurred at around the 4th or 5th transfer (41), which was not observed in 
ycelia-inoculated fermentations. 
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Another variation on the penicillin process was reported by Chaturbhuj 
(42) wherein, starting on the 4th or 8th day, 10% of the mycelial suspension 
was withdrawn every 24 hours (42). To supply additional nutrient and to make 
up the original volume, a 5% sucrose-precursor solution was added every 12 
hours (42), Penicillin production was increased by 30% (42) in this opera-
tion. 
Groeger (43) published the results of a repeated-batch study in which 
Pennisetum glaucum was cultivated in a mannitol-sucrose broth to produce 
several ergot alkaloids (43). The mycelia were removed, washed and resus-
pended in fresh medium every 5 days, up to 17 times. "Good amounts" of 
alkaloids were reported, even after 17 mycelial transfers. 
2.3.2.1.4 Repeated batch - this study 
We conducted two 48-hour fennentations in repeated batch mode by estab-
lishing batch-c.,(iltures during the first 24 hours, then drawing off 80% of 
the culture volume, replacing this with fresh feed, and running the fermen-
tation for another 20-24 hours. 
This mode was tested to determine the organism's response to it in terms 
of increased DHA production, and to minimize the "down time" between single 
batch runs. The latter is estimated to be at least 10 hours for two successive 
batch runs, as opposed to 3 hours or less for one two-stage repeated batch run. 
2.3.2.2 Fed-batch operation 
2.3.2.2.1 Methodology 
A fed-batch fermentation is started as a batch culture, and supplemental 
feed is added· to the fermentor at a predetermin~d time, or the feed may be . 
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added when the culture shows a low dissolved oxygen level, an abnormal pH, or 
some other physically or electronically detectable characteristic. This 
technique differs from repeated batch in that the culture volume is not 
usually kept constant, and the operating time of a given fed-batch fermenta-
tion is usually shorter than that of a repeated batch. 
Pirt (44) gives a detailed explanation of the theory of fed-batch 
operation, which will be summarized here. In a batch culture, the amount of 
biomass depends in part on the concentration of the growth-limiting sub-
strate. 
The concentration of cells produced from a given amount of substrate 
is (44): 
x = Y (S -S) p r 
where x = concentration of cells produced during run, g cells/liter p 
Y = growth yield, g cells/g substrate 
S = initial concentration of substrate, g substrate/liter 
r 
S = final concentration of substrate, g substrate/liter 
(2-12) 
The total concentration of cells present at the end of one batch is the 
sum of the inoculum concentration and the concentration of cells produced (44): 
X • X + X 
m o p 
where x = total concentration of cells produced, g cells/liter 
m 
x = inoculum concentration, g cells/liter 
0 
(2-13) 
Assume that x <.1< x. If the growth yield for the culture is known, 
0 p 
and Sis nearly exhausted at time t~ x can be approximated (44) by: 
m 
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On a total basis, the total biomass produced is given by (44): 
X • Vx 
m 
where Va culture volume of the batch at time t, liters 
(2-15) 
When x ax, a feed of volumetric flow rate F liters/time isadded to m 
the culture to replenish the depleted substrate and to continue product 
synthesis. Now we want a relation using F to describe growth. We consider 
the case in which Fis constant. 
dV dV Since F = dt' an equation relating x and dt would be useful. From 
equation (2-15) we get: 
X xa-
v (2-16) 
Since growth rate= change in cell concentration/change in time, or 
dx dx/dt, Vis related to dt by: 
( V dX _ X dV) dx dt dt 
dt I: .,, (2-17) 
dX Substituting dt = µX and using the fact that F/V = D = dilution rate, 
equation (2-17) can be rewritten as: 
:: a LJ,X - ( ~1v • LJ,X - XO 
I 
.!!!. a (u-D) X dt 
(2-18) 
(2-19) 
(2-20) 
Comparing this to a steady-state continuous culture, where u • D, 
irt (44) states that bothµ and Dare decreasing in a fed batch, whereas 
oth are constant in a continuous culture. 
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For product formation, another set of relations exists (44). Consider-
ing the case of a constant specific rate of product formation, qp, the rate 
of inc~ease of total product (44) Pis related to q by: p 
(2-21) 
After t units of time, the volume will have changed by Ft liters, and 
the total volume is now: 
where V = initial volume, liters 
0 
F = constant, liters/time 
V = V + Ft 
0 
(2-22) 
Using equation (2-15) to substitute for X, and (2-22) to substitute for 
Vin equation (2-21), we get (44): 
dP 
dt = q x (V + Ft) p m o 
Integrate equation (2-23) with respect tot for: 
p t 
I dP = J 
p 0 
0 
q x (V + Ft) dt p m o 
t t 
P - P0 • (J qp xm V0 dt) + (qp xm F J t dt) 
0 0 
(2-23) 
(2-24) 
(2-25) 
q X F t' 
P - P a q X V t + P m (2-26) 
o p m o 2 
q X F 
P a p m .2 P-
0 2 c+qxVt p m o (2-27) 
q X F 
P • ( p 2 m )f + (q x V )t + P p m o o (2-28) 
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where P a total mass of product at t • 0 0 
More substitutions can be made (44) to express equation (2-28) in terms 
of product concentration, p, with units of grams/liter. Using D g F/V, 
p0 V =- P and P •= .. pV, and substituting these into equation (2-28) (44), 0 0 
the following is obtained: 
pV = (
q x D V ) p m o .2 
2 c + (q x V )t + p V p m o o o (2-29) 
q x D V q x V p V 
= ( p m o)t:2 + ( p m o)t + o o p 2V V V (2-30) 
Equations (2-20) and (2-30) give us a means to express cell growth and 
product formation as functions of measurable psrameters. By determining, 
for example, the affect of feed flow rate on cell growth by varying F, and 
therefore D, in a fed-batch fermentation, and measuring cell growth rate and 
cell mass concentration, the behavior of an organis~ in this mode of fermen-
tation can be assessed, as well as its suitability for fed-batch growth. 
The ability to predict how much product will be formed during the course 
of a fed-batch fermentation is important in evaluating the econo~ics of the 
process, and this ability is demonstrated by the use of equation (2-30). 
Since we are more concerned with the production of DHA than with cell growth, 
equation (2-30) is potentially useful in describing o~r fed-batch fermenta-
i.ons. 
2.3.2.2.2 Advantages 
A fed-batch operation allows the operator to supply more substrate to 
he organism as it is needed, without the buildup of too much substrate at 
ne time, or which the decrease in conversion brought on by the complete 
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uptake of available substrate. Hospodka (39) asserts that substrate concen-
tration "profoundly influences the metabolism of the cells" and advocates 
c-ontrol of substrate concentration by using the fed-batch technique. Pirt 
(44) and Aiba et al. (45) also describe the advantages of this mode of 
operation, although a quantitative comparison of production rates for batch 
and fed-batch cultures was not described by any of these authors. 
2.3.2.2.3 Applications of fed-batch operation 
Aiba (45) and others ran a set of fed-batch fermentations in which 
fresh medium containing glucose was fed to a growing batch culture of 
Saccharonyces cerevisiae. The a~ount of feed added was determined, in part, 
by measuring the respiratory quotient during the fermentation and adding 
fresh feed as necessary to control this quotient between the values of 1.0 
and 1.2 (45). However, feed was not added continuously throughout the run. 
Parameters calculated from experimental data were the specific growth 
-1 
rate, based on the total cell mass, equal to 0.24 hr , and the growth yield 
of 0.55 g cells/g glucose (45). The idea of computer control of this 
fermentation was also discussed, especially since the necessary parameters 
could be measured easily. 
The quasi-steady-state production of cephalosporin C by fed-batch 
operation was described by Trilli et al. (46). While the name of the 
organism was not specified,, it was mentioned that production could be main-
tained at~ 3.6 "culture volume changes" (46). Prodoctivity was i~creased 
? a factor of 1.3 (46) over simple batch culture, even though the final 
oncentration of cephalosporin C was the same for each type of operation. 
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2.3,2.2.4 Our fed-batch techniq~e 
Considering the advantages presented, we conducted two fermentations in 
fed-batch mode by adding an aliquot of concentrated feed (10-50 mt) to a 
4-liter batch culture whenever the dissolved oxygen level had fallen to 24%, 
i.e., during the oxygen-enrichment cycle of the fermentation. It was thought 
that, as the organism was using up dissolved oxygen rapidly it was also using 
up substrate (glycerol), and that this would be a good time to add feed. 
2.4 Product recovery - large scale and laboratory 
Green (8) describes a method for isolating DHA from the fermentation 
liquor by crystallization. Since we cannot verify that this is the only 
industrial process by which DHA is recovered ( 5), the information that is 
available to us will be described as completely as possible. 
This crystallization method comes from the work of Neuberg and Hofmann 
(24). Green's description (8) is a modified version of their original method, 
since they carried out their own fermentations with A. suboxydans and 
glycerol, but in shaken flasks over a 12-day period, before isolating the 
product. 
The fermentation liquor is filtered under vacuum with 1% activated 
carbon, 1% Caco3 and 1% diatomaceous earth, then evaporated to 1/10 the 
original volume (8). 
Three to four volumes of absolute ethanol are added and the mixture is 
iltered. The filtrate is evaporated to the consistency of a thick syrup. 
e viscosity of this mixture was not specified. Ten volumes of acetone are 
dded and the mixture is allowed to stand overnight (8). 
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A small quantity of activated carbon is then added, followed by 
filtration and evaporation under vacuum until the mixture becomes thick, 
after which the crystals of DHA are recovered by dessication under vacuum 
and washed with cold absolute ethanol. 
Another recovery method described by Green (8) is illustrated in Figure 
2-8; this is an ion exchange procedure. We cannot determine which of the two 
methods is used on the industrial scale, but the ion-exchange procedure 
involves fewer steps, and probably less time. 
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Figure 2•8 - Ion exchange procedure for DHA recovery ( Green( 8)) 
Whole culture - filter with carbon and filter aid 
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36 
' ( I,, 
I .\ 
: ' 
----
FERMENTATION EQUIPMENT AND PROCEDURES 
3.1 Microbiology 
3.1.1 The organism 
3.1.1.1 Description 
According to Bergey's Manual (33), the organisms in the Gluconobacter 
genus consist of either ellipsoidal or rod-shaped cells which measure 
approximately 0.6-0.8 by 1.5-2.0 µm. So~e contain 6-8 polar flagella. No 
endospores are produced, and they are catalase-positive and gra'll-negative, 
All are strictly aerobic and follow a respiratory metabolism wherein oxygen 
is the terminal electron acceptor. The optimum temperature for growth is 
25-30°c, and the optimtL'll pH is 5,5-6.0. 
Colonies of G. melanogenus become dark brown with age on yeast extract-
glucose agar (33). When a glucose-caco3 medium is used, a soluble red or 
dark brown pigment is produced (33). This species also produces y-pyrones 
from glucose and galactose (33). 
3.1.1.2 Nutritional requirements 
Foda and Vaughn (47) determined that G. melanogenu~ (at that time known 
as Acetobacter melanogenum (33)), Acetobacter suboxydans and Acetobacter 
rancens require pantothenic acid, p-aminobenzoic acid, nicotinic acid and 
thiamin (47), in addition to a carbohydrate source and a nitrogen source, 
as well as oxygen. lbese conclusions were made on the basis of the growth 
nly; products of the fermentations were not analyzed, and the synthesis of 
pecific products might require other growth factors. 
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3.1.2 Maintenance of culture 
Upon receipt of a culture of G. melanogenus IFO 3293 from D. Perlman 
at the University of Wisconsin, a sample of growing cells was transferred 
aseptically to sla~ts containing the following (15): 
Difeo agar 
Amber 1003 yeast extract 
Fisher glycerol 
Fisher calcium carbonate 
Aldrich t-sorbose 
23 g/liter 
1 g/liter 
5 g/liter 
S g/liter 
10 g/liter 
New slants were streaked with the culture every one to two weeks. 
Flickinger (17) asserted that transfers must be made at least every two 
weeks, as he found that an accumulation of DHA on the slants deactivated the 
culture; this deactivation was detected after storage in excess of two weeks. 
Newly-streaked slants were incubated for 48 hours at 30°C, as recom~ended 
by Flickinger and Perlman (15), then stored in a refrigerator. 
Small round colonies formed on the agar, and these adhered strongly 
to the agar surface, occasionally making transfer to new slants difficult. 
It was then necessary to cut, from the slant, a small piece of agar surface 
containing the desired culture sample for transfer to the new slant. 
3.2 The fermentation 
3.2.1 Seed culture 
The inoculum medium for the 7-liter bench-scale fermentor contained (15): 
Fisher glycerol 
Amber 1003 yeast extract 
100 mm phosphate buffer, pH= 7 
20 g/liter 
2.0 g/liter 
300 mt 
Phosphate buffer was prepared by mixing 500 mt 0.1 M KH2 P04 with 291 mt 
, l M NaOH and diluting to 1000 mt with water ( 48). The 500-mt inoculum 
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flask was filled with 300 mt of medium, connected to a 500-mt Erlenmeyer trap 
flask (see Figure 3-1), autoclaved, inoculated, and then cultured at 30°c for 
16 hours in a constant temperature water bath. The flask was aerated at the 
rate of 3 liters/min throughout incubation (see Figure 3-2). The electrical 
lines in Figure 3-2 and in all subsequent figures are designated by a double set 
of slashed lines (//). After the 16 hour incubation period, the turbid, 
growing culture was removed from the bath and stored in a refrigerator until 
inoculation into the 7-liter fermenter. 
3.2.2 Bench-scale 7-liter fermentor 
3.2.2.1 Description 
Bench scale fermentations were performed with a New Brunswick Scientific 
I Co. 7-liter bench-scale fermentor, model No. SA7Fl, which is illustrated in 
1 Figure 3-3. Fermenting cultures can be aerated at rates of 1 to 8.6 liters/ 
min, at operating pressures up to 30 psig. Temperature is controlled by 
the circulation of internally heated or cold water. The agitator can be 
I 
1
driven at speeds up to 800 rp~. The stainless steel 6-bladed turbine 
I 
agitator is described in Figures 3-4 and 3-5. A built-in kinetic-clamp 
pump, model AL-4, was used to add antifoam automatically to the fermentor 
when necessary. 
In Figure 3-3, outlet ports 3 and 4 were connected to exhaust traps 
ar:d filters. 
To insure an aseptic sampling procedure, the sampling line was fitted 
ith at-inch stainless steel Swagelok union, which was covered on one end 
ith a rubber septum and secured with at-inch brass hex head nut. This 
rrangement held the septum in place securely as syringe needles were in-
erted into and withdrawn from it. 
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Figure J-ls Inoculum flask assembly 
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.Figure J-2: Incubation of inoculum flask in constant temperature water bath. 
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Figure J-31 Bench-scale ?-liter fermentor jar 
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8. temperature probe case 9, dissolved oxygen probe 
10, .pH probe 
11, water inlet line 
12, water outlet line 13, base addition port 7, two-stage six-bladed turbine agitat0,r 
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Figure 3-4, Dimensions of agitator (in inches) 
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Figure J-51 Impeller dimensions (in inches) 
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3.2.2.2 Operating diagram 
Figure 3-6 illustrates the fermentation apparatus and the auxiliary 
equipment for temperature and pH control, as well as the oxygen enrichment 
system. The operation of the oxygen enrichment system is described in more 
detail in Figure 3-7. The pH was controlled at 7.0 by the addition of 4 N 
NaOH, pumped by a Cole-Parmer Master flex No. 7013 pump, into a front port 
adjacent to the sa'llpling line. A pH controller provided instantaneous pH 
readings on its built-in meter, based on signals from the Ingold 465-35 pH 
probe. 
A New Brunswick Scientific Model DOAR dissolved oxygen analyzer, 
connected to its companion probe (No. Ml016-0201), measured and recorded 
the dissolved oxygen concentration of the medium. This signal was also 
sent to a Leeds and Northrup Speedomax H controller-recorder, which com-
pared the signal to that of its set point (24% of scale) and sent a signal 
to the solenoid box to activate either the air or the oxygen solenoid 
' (120 volts, 10 watts and 60 hertz). A 100-watt light bulb provided the load 
resistance necessary to correct the phase angles of the solenoids and to 
overcome instabilities caused by the voltage surges. Each solenoid regulated 
the passage of air or oxygen through at-inch check valve. 
A 10% solution of General Electric AF-75 antifoam in water was pumped 
by the antifoam pump not shown in Figure 3-6 from a 125-mt Erlenmeyer flask 
through t-inch rubber tubing into the fermentor. 
:~.2.2.3 Instrumentation for fed-batch operation 
For the fed-batch experiments, it was necessary to periodically trans-
er concentrated feed quantitatively and aseptically to the fermentor. This 
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was to be accomplished by means of the system illustrated in Figure 3-8. 
Feed was to be added when the dissolved oxygen concentration rose (after 
the initial drop) above 40"!.. and was to be discontinued when it fell below 
20%. 
However, this system was not satisfactory. As soon as the clamps were 
loosened to drip concentrated feed by gravity, air escaping through the inlet 
port bubbled through the line and into the bottles, preventing liquid flow 
in the desired direction. 
An alternative procedure was developed whereby the concentrated feed 
was added by syringe through the sa~pling port. For this purpose, the feed 
was stored in a 1-liter Erlenmeyer flask from which it could be removed 
aseptically. While this method was not as efficient as the one previously 
described, it did give a ready means to determine exactly the volume of 
feed added. 
3.2.3 Setup of equipment 
3.2.3.1 Standard procedure 
The setup procedure was basically the same for all experiments; addi-
tional details for repeated batch and fed batch experiments will be noted 
as appropriate. 
The oxygen enrichment system (see Figure 3-7) was used in all experi-
ents except experiment IIB. 
J.2.3.2 Assembly of fermentor 
The 7-liter fermentor was assembled on the ~onsole with the pH probe, 
ntifoam reservoir and trap flasks. Two liters of water were added, and 
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Figure J-81 Proposed fed-batch assembly 
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the agitator drive cable was connected. Agitation speed was set at 300 
rpm •. Medium components were dissolved in 1 liter of water and were added 
to the jar through a funnel set in the dissolved oxygen port. Water was 
then added to the "4200 mt" mark on the jar (it was found earlier that the 
jar accessories displace 200 mt of liquid volume) for a final working volume 
of 4 liters. 
After the funnel was removed and the agitator turned off mo~entarily, the 
dissolved oxygen probe was installed, and the exhaust gas trap and antifoa~ 
reservoir flasks were assembled. Two flasks were secured to the jar frame 
by built-in clamps. Once the medium was thoroughly mixed, the agitator 
drive cable disconnected and the plastic bolts removed from the jar frame, 
the jar assembly was taken to the pilot plant and placed in the autoclave. 
At this time, several 50-mt plastic syringes were enclosed in syringe 
bags for sterilization along with the fermentor jar. Note: since one exhaust 
gas trap flask was not clamped to the frame, it was found to be easier to 
connect it to the fermentor jar after the jar had been placed in the autoclave. 
Since the repeated batch and fed-batch fermentations required the addi-
tion of fresh feed to the fermentor once the fermentation was in progress, 
these supplementary batches of medium were also mixed at this time in Erlen-
eyer flasks with the aid of a magnetic stirrer. In the case of both 
epeated batch experiments, and the first fed-batch, 4 liters of supplementary 
e
1
·ium were then transferred· to 2 storage vessels of the type illustrated 
n Figure 3-8. For the second fed-batch fermentation, 1 liter of supplemen-
a1y feed was transferred to the 1-liter vessel illustrated in Figure 3-9. 
11 supplementary feeds were autoclaved in their storage vessels, along with 
he fermentor jar syringes and base reservoir, at.~250°F and ~15 psig for 30 
in,•tea. 
so 
Figure 3-9• Fed-batch supplementary feed flask 
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3.2.3.3 Factors to check prior to start-up 
1) All switches off 
2) No liquid or air leaks 
3) Temperature and foam probes installed 
4) Agitator secured 
5) All ja_r ports fitted with septa, connected to traps or reser-
voirs, or connected by hoses to console control panel. 
6) Devices to plug in: 
a) Main power supply plug to fermentor 
b) Dissolved oxygen analyzer 
c) Controller-recorder 
d) pH controller 
3.2.3.4 Start-up 
1) Turn fermentor control panel switches to "on" or "auto". 
2) Temperature control: 
a) Use a thermometer to check temperature of medium. 
b) Start water circulation by manipulating temperature 
control dial, but once water flows, set dial at steady-
state temperature. 
3) Air supply and oxygen-enrichment system: 
a) Open oxygen cylinder main valve and adjust gauge 
pressure to 12 psig. 
b) Plug controller-recorder into solenoid box. 
c) Turn on controller-recorder, dissolved oxygen analyzer 
and solenoid light bulb, 
d) Open the air inlet valve (on console) slightly to allow 
air flow to fermentor jar. Decrease the air inlet pressure 
slightly to turn on air. Adjust fermentor pressure 
regulator and rotameter valve to steady-state conditions. 
e) Watch for foaming and reduce air flow rate, if necessary, 
until foaming stops. 
f) Zero dissolved oxygen analyzer with "zero" switch and set 
".s,pan" dial to 100% of scale when indicator shows a 
constant value. 
4) pH control: 
a) Turn on pH meter by turning power on and switching probe 
dial from "standby" to "measure". 
b) Calibrate probe by withdrawing a sample of the medium and 
measuring its pH with a laboratory pH meter, after cali-
brating that meter with buffers, and adjust controller 
meter accordingly. 
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c) Plug base pump power cord into back of controller (marked 
"base") and set timers for a low addition time and a high 
mixing time. Turn on base addition switch and pump 
switch to add 4 N NaOH to raise pH ·to steady-state value. 
3.2.4 Medium co~position 
For all bench-scale runs, the initial medium contained the following (15): 
Amber 1003 yeast extract 
Mallinkrodt Mg.So4• 7H20 Fisher KH2 P04 
5 g/liter 
0.5 g/liter 
2. 7 g/liter 
Several concentrations of Fisher glycerol were used for each batch of 
medium: 
Run 118 100 g/liter Run 119, feed for initial batch 100 g/ liter 
Run 119, feed for repeated batch 100 g/ liter 
Run 1110, feed for initial batch 150 g/liter Run 1110, feed for repeated batch 150 g/liter Run 1111, initia 1 batch 30 g/liter Run 1111, fed-batch supplementary feed 200 g/liter Run 1112, initial batch 30 g/ liter Run 1112, fed-batch supplementary feed 300 g/ liter 
3.2.5 Sterilization 
All of the assemblies that were too large to be placed in the Market 
Forge Sterilmatic autoclave were sterilized in a 24-inch diameter, 36-inch 
high free-standing steam-operated autoclave,which is equipped with an air 
su1iply to cool the autoclave and its contents once sterilization is com-
pl,ite while maintaining the internal pressure at 15 ps ig to prevent probe 
a1:1age and boiling. 
When the jar assembly was returned to the console and secured with the 
l11st1c bolts, the following step-by-step procedure was used. 
S3 
I' 
' I 
3.2.6 Final preparations before inoculation 
Before inoculation, check to see that these conditions are maintained 
by the system: 
a) Temperature of medium ';: 3D° C 
b) pH = 7 .O 
c) Air flow rate= 4.0 liters/min 
d) Air pressure - specific for run 
e) Dissolved oxygen analyzer calibrated properly 
f) Repeated batch Runs #9 and #10: aspirator bottles placed on 
top of fermenter console. 
3.2.7 Inoculation 
1) Turn off air supply to the 500-mt inoculum flask and remove it 
from water bath. 
2) Turn off air flow to fermenter by closing rotamoter and pressure 
regulator valves. 
3) Clamp rubber tubing on trap line closest to top of fermenter jar. 
4) Disconnect one end of rubber tubing from glass connector in 
the clamped trap line, 
5) Swab inside of glass connector with 70% ethanol and allow to 
air dry. 
6) Remove syringe bag from transfer tube on inoculum flask. 
7) Remove air inlet hose from top of fermenter jar air sparger 
and connect to inoculum flask air line filter, using a piece of 
\-inch diameter glass tubing attached to a short piece of 3/8-
inch rubber tubing with an air filter cap. Loosen clamp between 
filter and flask. 
8) Open air inlet valve (on console) slowly to pump air through 
flask (1\-2 liter/min). 
9) Pinch tubing between inoculum flask and its trap flask to force 
liquid through transfer tube and into fermenter jar. Allow some 
air to escape through trap flask to prevent overpressurizing 
inoculum flask. Transfer all of inoculum to fermentor jar. 
10) Disconnect inoculum flask from clamped trap line and reconnect 
fermentor trap. Unclamp trap hose. 
11) Turn on air ·supply to fermenter and adjust to operating flow 
rate and pressure. 
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3.2.8 Special operating instructions for repeated and fed-batch fermentations 
3.2.8.1 Repeated batch operation 
In the repeated batch experiments, 80% of the culture volume was 
replaced by an equal volume fresh feed after the elapsed fermentation time 
reached 24 hours. This was done by shutting off the air flow, oxygen enrich-
ment system, dissolved oxygen analyzer and pH controller meter (see the 
details for this under Section 3.2.10). A 50-mt syringe was used to 
aseptically remove 3200 mt of medium from the jar. 
Once this was completed, the rubber tubing on the aspirator bottle 
containing the fresh feed was connected to the same trap line used for 
inoculation, and the feed was transferred aseptically to the fermentor by 
gravity flow. 
When the volume in the jar reached the 4200 mt mark, the transfer line 
was clamped and the aspirator bottle tube disconnected. The fermentor was 
re-started and the experiment continued for another 21 or 23 hours. See 
figure 3-10 for the time variation of fermentor volume during the repeated 
batch experiments. 
1.2.8.2. Fed-batch operation 
It was thought that the aspirator bottle assembly illustrated in Figure 
3-1: could be used for a fed-batch operation, but this arrangement proved to be 
unfatisfactory. The concentrated feed was introduced to the fermentor jar 
htough the sampling line by using a 50-mt or 10-mt syringe. This was a much 
or~ tedious procedure than if a pump had been used to conduct feed from the 
Bplrator bottles, and, indeed, such a modification should be tried, 
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Figure 3-101 Time variations of volume during repeated batch 
experiments 
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Concentrated feed was added once the dissolved oxygen level had de-
creased to the set point of 24%. Pulses of oxygen caused the readings to 
increase momentarily before falling again, and, as these readings fell, con-
centrated feed was added in recorded amounts. To compensate for the in-
crease in volume, extra-large samples were taken, and excess culture was 
discarded. Figure 3-11 illustrates the feeding sequence. 
3.2.9 Sampling 
All samples were either refrigerated immediately after being taken, or 
were immediately centrifuged in an IEC HT centrifuge at 80% of full power for 
10 minutes, Other samples were centrifuged after refrigeration, The super-
natant was saved for analysis, and the cells from experiments #8, 9, 10 and 
11 were discarded. Here is the sampling procedure: 
1) Draw 10-20 mt of culture into syringe. 
2) Discard this volume and draw another 10-20 mt into the syringe. 
Remove needle carefully from septum. 
3) Place sample in centrifuge tubes for immediate centrifugation, 
or store in glass containers in refrigerator until centrifugation is to be done. 
3.2.10 Shut-down 
After a run was considered "complete", i.e., when the dissolved oxygen 
endings were constant for several hours (usually between 65-90%), the system 
as shut down for cleaning and disposal of the liquid culture. Here is the 
rder in which devices were shut down: 
1) Turn pH controller to "standby". 
2) Turn off heating and cooling water switches. 
3) Turn off antifoam probe and pump switches. 
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I Figure J-111 Feeding sequence for fed-batch experiments 
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4) Close oxygen cylinder valve. 
5) Turn off controller-recorder and unplug controller recorder from 
switch box connecting solenoids. Unplug solenoid light bulb. 
6) Turn off dissolved oxygen analyzer. 
7) Open air pressure reducer slightly, and turn fermentor air 
pressure regulator dial counterclockwise to reduce pressure. 
Close rotameter valve to stop air flow to fermenter. 
8) Turn agitator dial to zero and its switch to "off". 
9) Turn off main power switch, 
10) Unplug fermentor power supply, dissolved oxygen analyzer and 
controller-recorder, 
11) Empty NaOH line by reversing motor on pump and pumping base back 
into its reservoir. 
12) Turn pH controller switches to "off" and unplug controller. 
3.2.11 Disposal 
After the agitator drive cable was disconnected from the fermenter jar 
and the jar was removed from the console, the culture medium was poured into 
a four-liter Erlenmeyer flask, was autoclaved for 30 minutes at ~250°F and 
~15 psig and was discarded. The jar and its accessories were washed thorough-
ly and allowed to dry until the next experiment. Loose screws were tightened 
and pipe threads re-taped if necessary. 
3,3 Analytical methods 
3.3.1 DHA analysis 
The samples were analyzed for DHA by the method of Campbell (49), through 
he use of a phosphate-molybdate reagent which was prepared as follows (49): 
1) Dissolve 35 g molybdic acid (Fisher) and 5 grams sodium tungstate (Fisher) in 400 mt of water, 
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2) Add 20 g solid NaOH graduallx, allowing complete dissolution of 
a few particles at a time. Do not inhale vapors from this 
solution! 
3) Boil the solution for 20-40 minutes in a hood. 
4) Allow to cool, then add 125 mt 85% H
3 
Po
4 
(Baker's or Target) gradu~lly. 
5) Pour into 500-mt volumetric flask, then add water for a total 
volume of 500 mt. 
For the analysis, two mt of sample are mixed with two mt reagent, then 
heated in a boiling water bath for 15 minutes (49). The solution is then 
diluted to 25 mt with tap water (49) (the dilution process cools the solu-
tion) and its absorbance is read at 400 nm using a Bausch & Lo~b Spectronic 
700 spectrophotometer. Campbell (49) does not comment on the stability of 
the color; we stored colored solutions overnight in a refrigerator and 
visually observed no change in color the next day. 
The concentration of DHA in the sa~ple is determined by comparing the 
readings to those obtained for standard solutions of DHA and water. Pure DHA 
was furnished to us by Wallerstein Laboratories. A typical standard curve is 
given in Figure 3-12. 
The spectrophotometer gives an absorbance reading of a blue solution in 
this case, the color being formed by a molybdate reduction by dihydroxyacetone. 
Ca:npbell (50) compares this to the reduction of cupric salts by hexose com-
onents in the Folin-Wu method for blood sugar analysis. However, this reduc-
ion is not explained thoroughly. 
Glycerol does not interfere with the determination of DHA. Solutions 
or1taining one or more of the other medium components were not tested for 
nterference. 
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Figure J-121 Standard curve for DHA concentration as a func-
tion of absorbance. Symbols 0 and 8 indicate 
two tests of same standard solution. 
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3.3.2 Glycerol analysis 
3.2.2.1 Enzymatic method 
3.2.2.1.1 Procedure 
An enz~matic ~ethod to determine the concentration of glycerol in 
solution is obtained by the use of Worthington's Triglycerides Reagent Set 
(50), which contains vials of powdered glycerol kinase and vials of a 
powdered mixture labelled "triglycerides reagent". These reagents contain: 
Concentration of Final 
Reconstituted Concentration in Ingredient Reagent Reaction ~ixture 
ATP 1. 31 1,J.mol/mt 1. 08 mmo 1/ liter PEP 0. 35 1,J.mol/mt 
• 29 mmo 1/ liter NADH O. 30 µ,mol/mt 0.25 m.'llol/liter GK 
~18.0 U/mt 
~0.12 U/mt PK O. 8 U/mt 0.66 U/mt LDH 1. 6 U/mt 1. 32 U/mt 
Glycerol reacts in the following sequence, and its concentration is 
measured as the decrease in absorbance of the sa'llple as NADH is oxidized (50): 
glycerol+ ATP~ ~-glycerophosphate + ADP 
ADP+ PEP~ ATP+ pyruvate 
pyruvate + NADH + H ~H lactate+ NAD-
t-
The analysis is carried out in the following steps (50): 
1) Reconstitute reagent vial with 33.0 mt distilled water and 
glycerol kinase (GK) vial with 0.5 mt distilled water. 
(3-1) 
(3-2) 
(3-3) 
2) Pipette 2.50 mt aliquots of triglyceride reagent into each of 
two cuvettes. 
3) Add 0.5 mt of distilled water to cuvette Ill. (One reagent blank 
determination should be performed on each lot of triglyceride 
reagents.) 
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4) Add 0.5 mt of sample to cuvette 112. 
5) Mix by inverting gently and allow to stand at room temperature 
for approximately 5 minutes. 
6) Measure absorbance of each cuvette at 340, 366, or 334 run • A
1
• 
7) Add 0 •. 02 mt from GK vial to each cuvette. 
8) Mix by inverting gently and allow to stand at room temperature for 5 minutes. 
9) Measure absorbance of each cuvette at 340, 366, or 334 nm~ A
2
• 
M = (A -A) 
sample 1 2 sample (3-4) 
It is not necessary to perform the test on a blank (usually water) 
whenever the test is performed with a sample; the blank serves to check the 
reliability of the method. 
To obtain the absorbance change as designated in Figure 3-13, this 
equation is used: 
Ma M - M 
sample blank 
3.2.2.1.2 Results 
(3-5) 
Figure 3-13 shows a linear relationship between glycerol concentration 
and absorbance; a close agreement between the assay and theoretical values is 
observed. 
Unfortunately, DHA interferes with this determination of glycerol. For 
inmple, a solution containing 4.0 mg DHA/100 mt exhibited the same /J.A as 
solution of 5.4 glycerol/100 mt. Similarly, a solution of 8.0 mg 
lL\/ 100 mt showed the same absorbance as that for 10 mg glycerol/100 mt. On 
h5.s basis, we decided not to perform this enzymatic analysis on fermentation 
aniples, but have included a description of it here for the sake of complete-
ess, and for its possible future use. 
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,, 3.3.2.2 Chemical method 
3.3.2.2.1 Procedure 
The sodium periodate oxidation of glycerol is the standard analytical 
method used by the.American Oil Chemists Society and the British Standards 
Institute (51), We used this procedure to analyze our fermentation samples 
for glycerol, as described here (51): 
"Prepare a solution of periodic acid by dissolving 20 g periodic 
acid in 1 liter water and filter if not clear. Store in dark bottle, 
Prepare a 0.1250 N sodium hydroxide solution and standardize against 
potassium acid phthalate using phenolphthalein indicator ..• If glycerol 
content is 30-100%, weigh sample into a 2-liter volumetric flask, 
dilute to volume with water and pipette a 50 mt aliquot into a 600-mt 
beaker for analysis. For samples with 10-30% glycerol, use a 500-mt 
volumetric flask and continue as before. For glycerol concentrations 
below 10%, weigh the sample directly and dilute with 50 mt H
2
0. 
Add 1 drop of methyl red indicator to beaker, acid with 0.2 N 
H2 so4 and neutralize with 0,05 N NaOH solution to the yellow color of 
tfie indicator. Add 50 m of periodic acid solution with a pipette, mix, 
cover beaker with a watch glass and allow to stand at room temperature 
1 hr, Prepare a blank simultaneously, containing 50 mt H
2
0 instead of 
sample. 
After diluting to 250 mt, stir and titrate with 0.1250 N NaOH 
solution, using a pH meter to determine the end point. Titrate sample 
to pH 6.2 and blank to pH~ 5.4. When sample fraction being titrated 
contains more than 0.1 g NaCt, a correction for end point pH must be 
made. 
When approaching the end point, add base in 0.1 mt incre~ents up 
to and beyond the equivalence point. Record volume of titrant and pH 
when within 0.2 mt of end point." 
where V a volume NaOH solution added up to end point, in mt X 
pH • pH correspondence to V after salt correction X X 
v1 • volume NaOH solution added before end point, in mt 
pH1 a pH correspondence to v1 
v2 • volume NaOH solution added after end point, in mt 
pH2 • pH correspondence to v2 65 
(3-6) 
'. 
~.... - .,_ -._,a...,-=;,oj,-•I"'"><"'•'~ ..... --.,_.,......,,.. 
I • 
'" i 
I,, 
,, '1 
I 
I I 
(Vx-Vb) (N) (92.094) (100) 
glycerol, wt%• (w) (lOOO) 
where V m volume NaOH solution used in sample titration, in mt X
Vb~ volume NaOH solution used for blank titration, in mt 
N • normality of NaOH solution 
w ~ weight of sample, g 
3.3.2.2.2 Results 
The glycerol concentrations determined by this test are presented in 
Table 4-1. 
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RESULTS 
4.1 Introduction 
A summary of the operating conditions and analytical results for exper-
iments #8 through ·#12 is given in Table 4-1. In Figures 4-1 through 4-4, the 
DHA and glycerol concentrations for each sample in experiments #9 through #12, 
as well as the dissolved oxygen level in the fennentor at the time that the 
sample was taken, are plotted as functions of time. 
4.2 Experimental results 
4.2.1 Experiment #8 - single batch; 100 g glycerol/liter feed 
The culture in this and all subsequent experiments was aerated with 
either oxygen or air, as described in Chapter 3, to prevent limitation of 
DHA production by oxygen. A single batch fermentation, with an initial 
glycerol concentration equal to the maximum concentration for which Flickinger 
and Perlman (15) reported results, was performed in order to demonstrate the 
reproducibility of their results. 
Flickinger's molar conversion of 37% (15) was not reproduced by our 
-4 
system, as only 2.96xl0 g/mt of DHA were produced. Originally, this 
fermentation was to have been conducted with oxygen-enriched aeration, but 
an operating oversight prevented this. Tile chemical analysis for glycerol 
concentration was not performed on the samples fro~ this experiment, so that 
the concentrations of glycerol and DHA in the culture after the experiment 
was terminated were not determined. The total operating time was 12 hours, 
during which the dissolved oxygen level had decreased to 0%. 
The components of the medium, as well as the operating conditions, were 
duplicated from Flickinger's study (15) as closel~ as possible, and our results 
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Table 4-1 - Fermentation Conditions and Results 
Medium 
cnmnnsition Agitation Fermenta-Expt. Cone. Aeration 02-en- pH Temp. 
No. Component (g/1) rate(l/rnin) riched? (OC) rate(rprn) tion mode 
8 Yeast 5.0 4.0 No 7.C 30 400 batch 
extract 
KH~Po4 8.7 Mg o4 • 7H20 0.5 Glycerol 100.0 
9 Yeast 5.0 4.0 Yes 7.0 30 400 repeated 
extract batch 
KH2Po4 8.7 
MgS04 .7H20 0.5 
Glycerol 100.0 
-
Time 
(hr) 
0 
0.75 
1.25 
2.0 
5.0 
8.0 
11.0 
12.5 
14.0 
15.5 
19.0 
22.0 
27.0 
45.0 
46.0 
47.0 
48.0 
Results 
g/ml 
DHA4 
x10 
0.78 
1. 70 
2.96 
0.66 
0.76 
0.93 
0.76 
0.71 
0.67 
0.67 
0.55 
0.55 
0.52 
1.02 
1.21 
1.21 
1.52 
g/ml 
gly-
cerol 
112 
130 
n 
~I 
--d'-~- :_· 
Table 4-1 - Continued 
Medium Results 
c_omnos i tion 
pH Temp. Agitation Ferm en ta- g/ml g/ml Expt. Cone. Aeration 02-en- Time DHA4 gly-No. Component (g/1) rate(l/min) riched? (OC) rate(rpm) tion r:1ode (hr) x10 cerol 
10 Yeast 5.0 4.0 Yes 7.0 30 400 repeated 1.5 0.74 153 
extract batch 5.5 0.79 
KH2Po4 8.7 7.5 0.69 
Mgso4 .7H20 0.5 9.5 0.74 
Glycerol 150.0 22.5 0.76 
24.5 0.71 
26.5 0.76 
28.0 0.67 
32.75 0.76 
40.0 1.19 
initial: 52.0 160 
11 Yeast 5.0 4.0 Yes 7.0 30 400 fed 3.25 0.71 32.6 
extract batch 4.25 0.55 
KH2Po4 8.7 5.75 0.45 
- Mgso4 .7H20 0.5 6.5 0.55 
Glycerol 30.0 6.6 0.52 
6.83 0.88 
Supplemen- 7.02 0.57 
tary 7.3 0.52 
Yeast 5.0 7.78 0.64 
extract 8.42 0.48 
8.75 0.52 
KH2Po4 8.7 9.25 0.52 
MgS04 .7H2 0 0.5 110.25 0.52 
Glycerol 200.0 
~4. 75 0.83 
27.0 90 
..... 
0 
Expt. 
No. 
12 
12 
Medium 
comnosition 
Cone. Aeration 
Component (g/1) rate(1/min) 
initial: 
Yeast 5.0 4.0 
extract 
KH2Po4 8.7 
MgS04 .7H20 0.5 
Glycerol 30.0 
Supplemen- ., 
tary: 
Yeast 5.0 
extract 
KH2Po4 8.7 
MgS04 .7H2 0 0.5 
Glycerol 300.0 
Table 4-1 - Continued 
Results 
Agitation Fermenta-
g/m1 g/m1 
02-en- pH Temp. Time DH.i\4 gly-
riched? (OC) rate(rpm) tion mode (hr) i x10 ·cerol 
2.0 34.7 
3.0 0.74 
Yes 7.C 30 400 fed 4.5 0.60 
batch 5.0 0.62 
5.48 0.76 
5.88 1.30 
6.08 1.30 
6.27 1.24 
6.32 1.21 
6.52 1.17 
6.80 1.21 
7.03 1.17 
7.10 1.14 
7.15 0.86 
7.38 0.93 
7.52 0.90 
7.80 0.88 
8.10 1.04 
8.53 0.93 
8.98 0.88 
9.33 0.93 
9.52 0.74 
10.13 0.88 
10.83 0.88 
11.00 0.98 
11.25 0.81 
ll.3.00 0.67 
~5.00 91.3 
26.00 0.93 
are reported here to describe what was done, and to illustrate the difficul-
ties involved in reproducing Flickinger's results. 
4.2.2 Experiment.#9 - 2-stage repeated batch, 100 g glycerol/liter feed 
The repeated batch technique was implemented to determine whether or 
not its use would increase the productivity of DHA. Starting with 100 g 
glycerol/liter feed, a single batch fermentation was conducted with oxygen 
-4 
enrichment, producing O.SSxlO g DHA/mt after 24 hours. Comparing this to 
Flickinger and Perlman' s "molar conversion" (15) (which was not defined in 
their article) of 104%, we see that our conversion was very low. However, 
when the first stage was terminated, and 80% of the culture volume replaced 
with fresh feed of the same initial composition as that of the first stage, 
-4 1.52xl0 g DHA/mt were produced during the second stage. We did not deter-
mine the concentration of DHA in the remaining 20% of the culture at the end 
of the first stages, nor the volume of the remaining culture, and, therefore, 
did not determine exactly how much DHA was produced during the entire fermen-
tation. We are able to conclude that the overall conversion of glycerol to 
DHA was very poor, especially since the final glycerol concentration of our 
culture at the end of the second stage was very high, as seen in Table 4-1 and 
Figure 4-1. 
We based the fe~mentation time on the di~solved oxygen readings recorded 
by the DOAR, concluding that a constant dissolved oxygen level of 70-80% after 
observed "lag" and "exponential" phases (based on dissolved oxygen level) in-
dicated that the culture had stopped using oxygen to produce DHA from glycerol. 
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4.2.3 Experiment #10 - 2-stage repeated batch, 150 g glycerol/liter feed 
To test the limitation of the fermentation by glycerol, we increased the 
initial glycerol concentration to 150 g/liter during both stages of the experi-
ment. We found that not only was the fermentation not limited by glycerol, 
-4 but that conversions remained poor, with 0.67xl0 g DHA/mt produced by the 
-4 
first stage (from 600 g glycerol in the feed) and l.19xl0 g DHA/mt present 
in the culture at the end of the second stage. Nearly all of the glycerol 
fed was accounted for at the end of the second stage as unfermented glycerol, 
as shown in Table 4-1. 
The higher initial glycerol concentration in both stages of\this fermen-
tation also prevented oxygen enrichment of the culture during each'~tage, as 
the dissolved oxygen level did not decrease to the set point of any time during 
the entire fermentation. The decrease in down time between stages in compari-
son to the down time in experiment #9 is explained by the use of a less time-
intensive culture volume transfer technique, while maintaining aseptic condi-
tions inside the fermentor. Instead of drawing a volume of culture into a 
syringe, and withdrawing the syringe from the fermentor septum to empty it, 
the syringe plunger was removed from the syringe while its needle was still 
inserted in the septum. A steady stream of culture liquid was thereby siphoned 
out, and less time was needed to remove the required volume of liquid from 
the fermentor. 
4.2.4 Experiment #11 - fed b~tch, 30 g glycerol/liter initial feed, 200 g 
glycerol/liter supplementary feed 
The fed batch technique was implemented to increase DHA production by more 
careful control of the glycerol concentration in the culture than would be 
possible in a single batch culture. By establishing a batch fermentation 
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Figure 4-2: Glycerol and DHA concentrations and disso1ved oxygen 1eve1 for experiment #io; 
2-stage repeated batch with 150 g glycerol/liter feed for each stage 
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using 30 g glycerol/liter initial feed, then aseptically injecting a second 
feed containing 200 g glycerol/liter, but also containing the same concen-
tration of the other components as the initial feed and as the feed in 
Flickinger and Perlman's study (15), we wanted to determine if glycerol-to-
DHA conversion could be improved over that in the published study. 
An oxygen enrichment "cycle" of 3-3/4 hours was realized, during which 
the dissolved oxygen level decreased to the set point, triggering the dis-
solved oxygen control system and pumping pure oxygen in place of air at any 
time that the DOAR showed a reading below the 24% set point. As soon as 
oxygen was sparged through the culture, the dissolved oxygen level rose to 
as high as 60% before decreasing again, resulting in a series of oscillations 
of dissolved oxygen _level between approximately 18% and 60%. Concentrated 
feed was added during this cycle because it was presumed that the cells 
were using much of the available glycerol and oxygen to produce DHA. 
Concentrations of DHA during this experiment were still not nearly as 
high as expected, with a maximum concentration of 0.88xl0-
4 
g/mt. This 
concentration was determined for a sample taken after 6.83 hours of fermen-
-4 
The final DHA concentration, after 14.75 hours, was 0.83xl0 tation time. 
g/mt. 
Glycerol concentrations were determined for samples at the beginning 
and at the end of the experiment, although these quantities, which are 
given in Table 4-1, are not as meaningful as those for the repeated batch 
experiments, since the total mass of glycerol fed to culture during the 
experiment was not calculated, although the volumes of supplementary feed 
added to the culture were recorded. In terms of the concentration of DHA 
produced, we conclude that most of the glycerol fed to the system was not 
converted. 
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Figure 4-3: Glycerol and DHA concentrations and dissolved oxygen level during experiment #11; 
fed batch with 30 g glycerol/liter in initial feed and 300 g glycerol/liter in 
supplementary feed. 
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4.2.5 Experiment #12 - fed batch, 30 g glycerol/liter initial feed, 
300 g glycerol/liter supplementary feed 
Table 4-1 and Figure 4-4 illustrate the operating conditions and analy-
tical results for a second fed ·batch fermentation, using the same concentra-
tion of glycerol in the initial feed, but with a higher glycerol concentration 
in the supplementary feed. The most distinct characteristic of this experi-
ment was an increase in time of the oxygen enrichment cycle, from 3.75 to 
-4 
5.25 hours, with a maximQ~ DHA concentration of 1.3xl0 g DHA/mt after 5.88 
hours of fermentation. Co~paring this result to that described by Flickinger 
and Perlman (15) for a single batch fermentation, using the same initial 
glycerol concentration and oxygen enrichment, we found that they reported a 
"molar conversion" of 109°/., indicating that our conversion was, again, 
considerably lower. 
A marked feature of the fed batch fermentations was a much shorter 
operating time than those for repeated batch or even single batch culture. 
While the initial glycerol concentrations for the fed batch experiments were 
much lower than those for the single and repeated batches that we described, 
the operating time was reduced by, for example, a reduction in the length of 
time of the lag phase of cell growth (from 8 hours in experiment #9 and 12 
hours in experiment #10 to less than 3 hours in experiment #12). This feature 
made the operation of the experiment easier, and, with good conversions, 
could increase the productivity of this particular fermentation dramatically. 
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Figure 4-4: Glycerol and DHA concentrations, and dissolved oxygen level, during experiment #12; 
fed batch with 30 g glycerol/~ initial feed and 200 g glycerol/~ in supplementary feed. 
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CONCLUSIONS 
Many of the possible reasons for the relatively poor glycerol-to-DHA 
conversions shown in these experiments relate to contamination of the culture 
by foreign microorganisms. The maintenance of aseptic conditions is difficult, 
but necessary for successful bacterial fermentations. 
Despite these discouraging results, much valuable information regarding 
the operation of fermentation equipment was gained, as well as a great deal 
of practice in equipment implementation and adaptation. For these reasons, 
the operating procedures were outlined thoroughly, and the experimental 
apparatus was illustrated as completely as practicable, to give the reader a 
better idea of the process technology developed. 
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